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Abstract 
This paper explores the effect of the horizon of foresight on future inflows on the minimum reservoir capacity 
required for meeting a specified yield. The goal is achieved by formulating the problem as a series of finite-horizon 
mixed integer linear programs (MILPs), each with a limited, partial foresight on future inflows. The MINLPs are 
then solved sequentially over a long-run planning horizon for determining the minimum reservoir capacity required 
for meeting a specified reservoir yield at a certain level of reliability. The results indicate although it is generally 
true that the required reservoir capacity will increase if the foresight on future inflows becomes more limited, an 
opposite result is also possible to occur depending on the system's characteristics and hydrology. Moreover, 
knowing about future inflows does not help any more after a certain level of foresight horizon. These findings 
provide insight into the issue of uncertainty of future inflows and their forecasts in the design and operation of 
reservoir systems.  
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1.  Introduction 
The problem of storage-yield-reliability (SYR) analysis of surface water reservoir systems have long been 
studied in water resources engineering. The problem is about estimating either the required capacity of the reservoir 
to provide a specific yield at a certain level of reliability or the yield from a constructed reservoir of known capacity 
[6]. Decisions related to the SYR analysis and many other water resources systems need to be made in the face of 
hydrologic uncertainty. One of the approaches used in addressing uncertainty of inflows in the optimization models 
developed for reservoir systems design is the implicitly stochastic optimization (ISO) approach [7]. Despite the 
development of new techniques, ISO-based models are still one of the most readily applicable models for the 
analysis of complex water resource systems. These models use a large number of historical or synthetic streamflow 
sequences to represent the range and frequency of possible future scenarios of streamflow ([1], [2], [3], [4]). 
However, the assumption of perfect foresight on future streamflow values in these sequences may not be realistic. 
Under the perfect foresight condition, we assume that at the beginning of the first time step, all future inflows to the 
reservoir are known. Draper and Lund [5] demonstrated the impacts of perfect foresight on the ISO-based model 
results. They discovered that the perfect foresight models can substantially underestimate shortage amounts and 
costs compared to more realistic reservoir operations that use limited-foresight models. Thus as system storage 
increases, the effects of perfect foresight are diminished. They also found that differences in operation between the 
limited and perfect foresight models are typically minor except prior and during drought conditions when 
differences can have significant economic impacts [5]. 
In this paper, we analyze the effect of the length of perfect foresight on future inflows on the reservoir capacity 
required for meeting a specified yield at a certain level of reliability. The goal is achieved by formulating the SYR 
problem as a series of limited-horizon mixed integer linear programs (MILPs), each with a certain partial foresight 
on future inflows. The MINLPs are then solved sequentially over a long-run planning horizon. In the following, the 
formulation of the stochastic optimization model for SYR analysis and the methodology designed for investigating 
the effect of partial foresight on future inflows in SYR analysis of surface reservoirs are presented. Subsequently, 
the scenarios defined and the results obtained are discussed followed by a summary and conclusions section.  
2.  Storage-yield-reliability analysis   
The storage-yield-reliability analysis of surface water reservoirs can be approached by a chance constrained (CC) 
optimization model with the following formulation:   
 
   (1) 
Subject to:  
୫ାଵ ൌ ୫ ൅ ୫ െ ୫          (2) 
ሾሺ୫ ൒ ୫୧୬ǡ୫ሻሿ ൒ Ƚଵ          (3) 
ሾ୫ ൑ ୫ୟ୶ǡ୫ሿ ൒ Ƚଶ          (4) 
ሾ୫ ൒ ୫୧୬ǡ୫ሿ ൒ Ƚଷ          (5) 
ሾ୫ ൑  െ 	୫ሿ ൒ Ƚସ          (6) 
 
where  is the reservoir capacity,  is the index of season (month) in a year, ݍ௠ is the random inflow to reservoir, 
ݎ௠ is the release from reservoir, and ݏ௠ is the reservoir storage at the beginning of season . Also, ݏ௠௜௡ǡ௠ and ܨܥ ௠ܸ 
are respectively minimum storage and flood control volumes, and ݎ௠௜௡ǡ௠ and ݎ௠௔௫ǡ௠ are minimum and maximum 
acceptable releases, respectively. Finally, ܽଵ to ܽସ are target reliability levels of probabilistic constraints (3)–(6). 
The ISO version of above formulation with only one average-type probabilistic constraint on meeting a minimum 
draft (demand) from the reservoir can be stated as follows [6]:  
 
 
Subject to: 
୫ǡ୷ ൒ ୫୧୬ǡ୫Ǥ ୫ǡ୷
୰ౣ౟౤׊ ൌ ͳǡǥ ǡ Ǣ ׊ ൌ ͳǡǥ ǡ       (7) 
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୒Ǥ୘ ൒ Ƚଵ         (8) 
୫ǡ୷ ൑ ୫ୟ୶ǡ୫׊ ൌ ͳǡǥ ǡ Ǣ ׊ ൌ ͳǡǥ ǡ       (9) 
୫ǡ୷ ൒ ୫୧୬ǡ୫׊ ൌ ͳǡǥ ǡ Ǣ ׊ ൌ ͳǡǥ ǡ       (10) 
୫ǡ୷ ൑ ሺ െ 	୫ሻ׊ ൌ ͳǡǥ ǡ Ǣ ׊ ൌ ͳǡǥ ǡ                                               (11) 
୫ାଵǡ୷ ൌ ୫ǡ୷ ൅ ୫ǡ୷ െ ୫ǡ୷׊ ൌ ͳǡǥ ǡ Ǣ ׊ ൌ ͳǡǥ ǡ      (12) 
ଵǡ୷ାଵ ൌ ୫ǡ୷ ൅ ୫ǡ୷ െ ୫ǡ୷׊ ൌ Ǣ ׊ ൌ ͳǡǥ ǡ  െ ͳ      (13) 
ଵǡଵ ൌ ୫ǡ୷ ൅ ୫ǡ୷ െ ୫ǡ୷׊ ൌ Ǣ ׊ ൌ        (14) 
The above MILP is the general formulation for optimal sizing of a surface water reservoir, accounting for 
probabilistic constraint of meeting a minimum amount of reservoir yield implicitly. Note that  is the number of 
years (planning horizon). If  is large enough, the above MILP will be an implicitly stochastic version of the 
original explicit stochastic CC optimization model defined by (1)-(6) [6]. The inflow time series, ୫ǡ୷, over  years 
is a known input vector to the model, When the model is solved over the entire planning horizon of ǡ it 
benefits from the assumption of perfect foresight over future inflows in the sense that all future inflows are known to 
the optimization algorithm (the best possible reservoir operator) from the beginning of the first time step. This is the 
maximum possible information about future inflows that one can have while planning (designing) a reservoir system.  
Irrespective of how realistic such a perfect foresight assumption is, there is a question that this study is to deal 
with, i.e. what percentage of the possibility of having perfect foresight on future inflows can be utilized by an ideal 
operator (a global optimizer of the above MILP) in minimizing the required capacity of the reservoir.                   
3.  Methodology  
The question raised at the end of the previous section can be answered by comparing the solution of the presented 
MILP for the perfect-foresight situation with the solutions associated with limited, partial foresight on future inflows. 
Therefore, we need to design a procedure capable of simulating the limited, partial-foresight condition. To do so, a 
single reservoir case study is investigated that is to be designed for meeting a specified water demand at certain 
levels of reliability. A fifty-year random sequence of inflows to the reservoir is generated, assuming that seasonal 
inflows are normally-distributed random variables. The statistics of random inflows and other parameters of the 
studied system are presented in Table 1.  
To simulate a partial-foresight situation, the entire planning horizon () is divided into limited-horizon, finite-
length n-year sequences under different scenarios of n, such as five 10-year, ten 5-year, twenty 2.5-year, twenty five 
2-year and fifty 1-year successive sequences. In each scenario associated with one value of n, 50/n MINLPs 
(optimization models) are solved sequentially, each with the objective function of minimizing the reservoir capacity 
subject to one of the n-year monthly reservoir inflow time series. Note that the initial storage volume for each model 
is set to the final, terminating storage volume of the reservoir obtained by the previous model, except the first model 
whose initial storage volume is determined by the first optimization model. Using this approach, each model 
benefits from partial, limited foresight on n-year future monthly inflows. By varying n, we can simulate different 
extents of partial foresight on future inflows. Among the 50/n reservoir capacities obtained by MINLPs for a 
scenario associate with n, the largest one is selected as the required reservoir capacity for the scenario with n-year 
partial foresight on future inflows. For example, for a scenario with n=10, five successive MINLPs, each with a 10-
year horizon, are solved, and the largest value among the five reservoir capacities determined is selected as the 
minimum required reservoir capacity.  
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4. Results  
The MILP presented in section 2 was solved for different scenarios of foresight from 6 months to 50 years 
(perfect foresight) and different reliability levels. Table 2 reports the solutions (minimum reservoir capacities) 
obtained for different scenarios. For the cases where 50/n was not integer, an extended time series of inflow was 
used by repeating initial part of the entire 50-year series.       
                       Table 2. results obtained for required reservoir capacities for different foresight horizon on future flows and reliability levels 
Reliability level ݏ௠௜௡ ൌ ͳͷͲͲ ݎ௠௜௡ ൌ ͵ͲͲͲ 
100% 90% 80% 70% 60% 50% Foresight horizon 
--- --- 17721 17721 14721 11721 6-month 
--- 18469 15469 12469 9469 7847 1-year 
--- 17153 14153 10072 8625 7358 2-year 
--- --- 16315 11121 8667 7700 2.5-year 
--- 16525 12972 9972 8270 6908 3-year 
--- 16622 13072 9049 8147 6908 4-year 
19600 16072 12176 9044 8147 6721 5-year 
19600 16072 12176 8928 8077 6721 6-year 
19600 16072 12185 8803 8077 6721 7-year 
19600 16072 12176 8833 8077 6721 8-year 
19600 16452 12182 9044 8077 6721 9-year 
19600 16072 12176 8928 8042 6721 10-year 
19600 15972 11414 8790 7885 6672 15-year 
19600 15065 11172 8758 7847 6500 25-year 
19600 15044 11153 8736 7775 6500 30-year 
19600 14680 10922 8705 7700 6500 50-year (perfect foresight) 
 
Figure 1 illustrates the required capacity of the reservoir for different scenarios. It is worth mentioning that for 
some scenarios, at least one of the successive finite-horizon MILPs was infeasible, which meant that the required 
capacity for that scenario tends to infinity. In this figure, the points associated with infinite capacities are shown 
with a capacity of 25000, as a value just larger than other capacities, in order to make the figure reasonably scaled. 
 
 
 
 
 
 
 
Dec Nov Oct Sep Aug Jul Jun May Apr Mar Feb Jan Month 
1643 1337 763 558 753 3152 16200 20230 9892 5270 4136 5370 Mean of Inflowሺߤொ೟ሻ 
512 421 212 171 240 1008 5420 6548 3006 1302 1306 1765 
Std.Dev.of 
Inflowሺߪொ೟ሻ 
3000 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000 3000 
Minimum Release 
(ݎ௠௜௡ሻ 
30000 30000 30000 30000 30000 30000 30000 30000 30000 30000 30000 30000 
Maximum Release 
(ݎ௠௔௫ሻ 
1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 
Minimum Storage 
(ݏ௠௜௡ሻ 
5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 
Flood Control 
Volume 
Table 1. Hydrologic data and the reservoir system characteristics (All values are in thousand cubic meters, TCM) 
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It is clear in the figure that as the horizon of foresight on future inflows extends, the required reservoir capacity 
decreases. This is an expectable finding because when more information about the future is available, an expert 
operator can benefit from by storing water in the reservoir in advance to meet the demands over future dry periods. 
However, this generally-true conclusion is not true for all cases. One can see that the required minimum capacity 
remains constant while limiting the foresight on future inflows. In other words, knowing about future inflows after a 
certain time horizon cannot be helpful any more. This shows that the maximum usable information about future 
inflows is limited because the total volume of future inflows to reservoir is limited.  
Despite the generally-true above finding, the required reservoir capacity may decrease while shortening the 
length of the partial foresight on future inflows (see plots associated with reliability levels 100% and 90% in figure 
1). This observation was also found to be valid for some special cases while doing sensitivity analysis with respect 
to a number of influential parameters of the reservoir system such as standard deviation of inflows and the ratio of 
minimum reservoir yield (demand) to mean value of inflows. Figure 2 is just an example of the results by 
performing sensitivity analysis with respect to minimum reservoir yield (demand). The figure is for the case in 
which the reservoir yield has increased from 1500 to 2000. One can see that a larger capacity may be needed for 
longer foresight horizons. In these special cases, we found that the final storage volume of the reservoir obtained by 
one particular finite-horizon MILP and the position of the low-flow sequences in the subsequent MILP plays an 
important role. Consequently, in addition to foresight time horizon, the combination, position and sequences of dry 
periods affect the final required reservoir capacity. Such special situations are less likely to happen for lower 
reliability levels as the system is allowed not to meet the required demand more frequently; thus the role of dry 
sequences and their positions become less significant.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Variations of the required reservoir capacity with the length of partial foresight on future 
inflows and the reliability level of meeting the minimum reservoir yield equal to 1500 TMC  
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Fig. 2. Variations of the required reservoir capacity with the length of partial foresight on future inflows 
and reliability level of meeting the minimum reservoir yield equal to 2000 TMC 
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5.  Summary and conclusions 
We analyzed the effect of the length and extent of perfect foresight on future reservoir inflows on the reservoir 
capacity required for meeting a specified yield at a certain level of reliability. The goal was achieved by formulating 
the problem as a series of limited-horizon mixed integer linear programs (MILPs), each with a certain, partial 
foresight on future inflows. The MINLPs were then solved sequentially over a long-run planning horizon. It was 
explored what percentage of the possibility of perfect foresight on future inflows can be utilized by an ideal operator 
in minimizing the required capacity of the reservoir. 
It was found that although the required reservoir capacity increases while limiting foresight on future inflows, 
knowing about future inflows does not help any more beyond a certain level of foresight horizon. A larger reservoir 
capacity may even be needed for a situation with longer-horizon foresight on future inflows, depending on the 
system's characteristics and hydrology of the system, especially the position of low-flow sequences in the 
streamflow time series.    
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